Introduction
Despite advances in understanding the dynamics and depth range of mantlē ow and its relation to plate tectonic motions (Richards et al., 2000) , the geographical pattern of this¯ow is not yet well known. Almost two decades ago, I presented a technique for mapping the geography of mantle¯ow if two conditions hold true (Alvarez, 1982) . The ®rst condition is that¯ow patterns in the shallow mantle be decoupled from those deeper in the mantle. The second condition is that the old, stable parts of continents have roots that extend well below the conventional base of the lithosphere at about 100 km. If these conditions hold, shallow-mantle material driven out of the shrinking Paci®c must be channelled through three gaps in the ring of continents that surround the Paci®c Ocean. Sublithosphere out¯ow will pass eastward from the Paci®c to the Atlantic through the Caribbean and Scotia gaps (Fig. 1) , and will converge south of Australia with¯ow starting at the Java±Sumatra subduction zone.
The 1982 paper envisioned continental roots extending down into con- Fig. 1 Routes of sublithospheric mantle¯ow from the Paci®c to the Atlantic proposed by Alvarez (1982) in the continental undertow model, by Russo and Silver (1994) on the basis of evidence from shear-wave splitting that subslab upper mantle west of South America¯ows parallel to the trench, and by Herrstrom et al. (1995) to explain geochemical changes in young volcanic rocks in Central America. The present paper reviews evidence supporting eastward¯ow beneath the Caribbean. tact with the lower mantle, but this now seems too deep. However, as long as there are roots instead of asthenosphere beneath at least the Precambrian nuclei of the continents, which is evident from studies of seismic anisotropy (Silver, 1996) , it is dicult to avoid the conclusion that asthenosphere will¯ow out of the Paci®c through the gaps between continental roots. In 1982, there was no way of determining directly whether the two conditions were correct, but the shallow-mantle¯ow pattern they predict appeared to be re¯ected in surface tectonics, with the Caribbean and Scotia regions characterized by eastward transport, and with the bathymetrically low and tectonically complex Australia±Antarctic Discordance at the predicted convergence point. The match between surface tectonics and predicted shallow-mantle¯ow suggested that the Caribbean and Scotia lithosphere was being dragged along by rapidly¯owing mantle in the gaps, and this provided indirect support for the two assumptions.
Subducting slabs would also block shallow Paci®c out¯ow, and shrinking of the Paci®c by slab rollback might explain the eastward motions in the Caribbean and Scotia regions, without calling on continental roots. Blockage by slabs alone is less restrictive, because out¯ow could then occur beneath Antarctica and Australia. For the moment, the relative importance of continental roots and slabs as barriers to out¯ow is not clear, so the present paper stresses the evidence that out¯ow does take place beneath the Caribbean. Eastbound sublithosphere¯ow from the Paci®c to the Atlantic (Fig. 1) had previously been proposed for the Scotia Sea by Hamilton (1963) and for the Caribbean by Meyerho and Meyerho (1977) , updated by Morris et al. (1990) .
In the 1982 paper, the evidence for Paci®c out¯ow, combined with the assumption of deep continental roots, led to the hypothesis that the continents are dragged along by roots anchored in the top of the convecting lower mantle. Therefore, it was suggested that continental motions track the top of lower-mantle convection, indicating a simple pattern of four large lower-mantle cells. Nineteen years on, accepting that continental roots do not extend down to the lower mantle, I would revise this slightly and infer a simple pattern of four major cells at the top of the mantle beneath the asthenosphere.
A follow-up paper (Alvarez, 1990) , introduced the term`continental undertow' to designate this entire hypothesis and presented isotopic arguments (Klein et al., 1988) supporting the convergence of upper-mantlē ow south of Australia. Subsequently an alternative explanation for the situation south of Australia was proposed by Gurnis et al. (1998) . The present paper considers new information bearing on eastward¯ow beneath the Caribbean. This out¯ow is predicted by the continental undertow hypothesis, but may be compatible with other explanations, such as slab rollback, as well.
Paci®c-to-Atlantic mantle out¯ow beneath the Caribbean
The Atlantic Ocean basin is currently growing at about 0.45 km 2 yr
, and if this increase in upper mantle is supplied by sublithosphere¯ow through the Caribbean and Scotia gaps, each about 600 km wide, then the out¯ow rate is about 38 cm yr )1 (Alvarez, 1982; p. 6701) . The 1982 paper argued that this out¯ow should drag the Caribbean plate eastward by viscous coupling, but it could not be determined whether return¯ow extended several hundred km down through the entire upper mantle or was con®ned to the asthenosphere. Current interpretations of seismic tomography results suggest that below the asthenosphere the mantle is complex in structure and convection pattern. The low seismic velocity and low viscosity of the asthenosphere and its apparently broad distribution beneath oceanic crust make it a relevant layer in which to consider an independent return ow pattern. For the asthenospherē ow pattern, it is useful to distinguish between`return¯ow', which transports material from subduction zones to ridges, and`escape¯ow', driven out of the shrinking Paci®c Ocean.
Seismological evidence for sublithosphere out¯ow
The seismological study of shear-wave splitting provides a technique for detecting crystalline anisotropy in the olivine of the sublithospheric upper mantle (Silver, 1996) . The anisotropy is imparted by long-term, solid-statē ow in the mantle, so the orientation and magnitude of shear-wave splitting re¯ect the pattern of accumulated mantle strain. This technique has given two results bearing on the predicted upper mantle¯ow toward the east beneath the Caribbean lithosphere.
Russo and Silver (1994) studied shear-wave splitting beneath the Andean subduction zone. Instead of¯ow lines at right angles to the trench, as expected from the usual view that the upper mantle descends coherently with the subducting slab, they found ow lines parallel to the trench (Fig. 1) . They concluded that the upper mantle beneath the slab moves north and south, away from a stagnation point midway along the Andean trench, and¯ows eastward beneath the Caribbean and Scotia regions. Russo et al. (1996) measured shearwave splitting near the north and south ends of the Lesser Antilles island arc, in eastern Venezuela and Trinidad, and in Puerto Rico (Fig. 2) . Fast polarization directions are aligned E±W in both areas, arguing for sub-Caribbean mantle¯ow in that direction in both areas.
Geochemical evidence for out¯ow
Additional evidence compatible with sublithospheric¯ow eastward through the Caribbean gap between North and South America comes from study of the trace-element and isotope geochemistry of volcanoes in Nicaragua and Costa Rica (Carr et al., 1990; Herrstrom et al., 1995) . The lavas from these volcanoes show a systematic change in chemistry from NW to SE (Fig. 2) , across the northern boundary of the out¯ow tongue inferred by Alvarez (1982) and by Russo and Silver (1994) .
The Nicaraguan lavas have the geochemical character of mid-ocean ridge basalt (MORB), whereas the Costa Rican lavas have the character of ocean island basalt (OIB). This suggests that Costa Rica and Nicaragua`are underlain by mantles with dierent compositions and that these mantles also have dierent histories of interaction with the subducting slab', , 1995) . Noting similar conclusions made in the previous year by Russo and Silver (1994) , Herrstrom et al. (1995) argued that the source of the Costa Rican lavas is a stream of mantle which is owing around the north-western corner of South America and through the Caribbean gap (Fig. 1) .
Long-term eastward motion of the Caribbean plate
Because of the presence of E±W strike-slip faults bounding the Caribbean Plate on the north and south, it has long been clear that this small plate is moving eastward (Hess and Maxwell, 1953) , with a present velocity of about 2 cm yr )1 relative to the Americas Plates (Minster and Jordan, 1978) . This motion provided support for the original 1982 undertow hypothesis.
Since then, a more detailed understanding of the motion history of the Caribbean has been developed (Burke et al., 1984; Duncan and Hargraves, 1984; Dewey and Pindell, 1985; Pindell et al., 1988; Ross and Scotese, 1988; Pindell and Barrett, 1990; Pindell, 1994) . A key component of this history is the interpretation of Cretaceous±Eocene arc rocks in the Greater Antilles, along the margin of South America, and in the Aves Ridge. For Pindell and Barrett (1990) and Pindell (1994) , these are extinct fragments of a volcanic arc that lay near the present site of Central America in the Cretaceous, and has subsequently moved 2500±3000 km eastward through the Caribbean gap (Fig. 3) . As the arc moved through this narrow passage, its ends were bent back and accreted onto the bounding continental crust of Florida±Bahamas and South America, thus becoming extinct. The central part of the arc was left behind to form the Aves Ridge, and the present Lesser Antilles arc is the successor to the central part of this far-travelled, extinct arc. Support for this view comes from the timing of orogeny dated by foredeep basins along the north and south margins of the Caribbean. These basins range from Late Cretaceous in the YucataÂ n, to early Tertiary in Cuba and northernmost Colombia, to late Tertiary in NE Venezuela (Pindell, 1994) . This age progression seems to record the travel of the arc through the Caribbean gap at a rate of a few centimetres each year. In addition, the crust of the Caribbean has been interpreted as an oceanic plateau originally formed in the eastern Paci®c, possibly over the GalaÂ pagos hotspot, and carried eastward through the gap between North and South America (Duncan and Hargraves, 1984; White et al., 1999) .
Although not yet fully con®rmed, this interpretation of Caribbean history provides a dramatic picture of an (Herrstrom et al., 1995) . Map shows seismic events M P 4 and deeper than 100 km. Pro®les are northward or eastward projections of events inside the heavy boxes, showing all events M P 4. Regions with no evident barriers to asthenospheric¯ow are evident at the centre of pro®le (A) and in the left half of (C); the Lesser Antilles slab (B) presents a barrier to asthenosphere¯ow down to 200 km. Two possible routes for asthenospheric¯ow are indicated; the southeastern one would probably be restricted to the rate of eastward advance of the Lesser Antilles arc. 
Shallow-mantle out¯ow ± barriers and pathways
The undertow hypothesis predicts shallow-mantle out¯ow rapid enough to drag the overlying Caribbean plate eastward. If there were recognizable barriers to this¯ow such as seismic slabs, they would falsify the hypothesis. A plot of earthquake foci in Central America (Fig. 2a) shows that although the seismically active slab extends to more than 200 km beneath Nicaragua and Honduras, it shallows progressively beneath Costa Rica, and there is essentially no earthquake activity deeper than 100 km beneath Panama. Johnston and Thorkelson (1997) treat this aseismic zone as a slab window allowing asthenosphere to escape from the shrinking Paci®c.
There is no such shallowing of seismicity under the Lesser Antilles (Fig. 2b) , where seismic activity everywhere reaches nearly 200 km, indicating a slab which would block at least the upper part of asthenospheric out¯ow. This slab should be moving eastward relative to South America at about the same rate as the Caribbean plate, roughly 1.5± 2.5 cm yr )1 (Jordan, 1975; Minster and Jordan, 1978) , so it is moving too slowly to be fully entrained in the 38 cm yr )1 out¯ow predicted by Alvarez (1982) . This may falsify the path for out¯ow shown by Alvarez (1982) , Russo and Silver (1994) and Herrstrom et al. (1995) , or it may be the consequence of complicating factors: (i) lower asthenosphere out¯ow may be passing beneath the slab; (ii) asthenosphere volume need not be conserved, and out¯ow need not be evenly proportioned among the three Paci®c-rim gaps, so the 38 cm yr )1 ®gure may be too high; (iii) the slab may at times have been shallower; (iv) another out¯ow route is possible, passing northeastward beneath Cuba, Jamaica, and Haiti (Fig. 2c) . Although there would be no deep continental roots beneath these islands to block this path, the rapid out¯ow might be expected to exert some drag on this part of the Caribbean. It is not yet clear whether this velocity mismatch falsi®es the undertow model or just complicates it.
Discussion
In developing the undertow hypothesis in 1982, I found it dicult to formulate speci®c or inherent predictions suitable for testing. Subsequent observations by others have given unexpected support to the model, although the agreement is not unique to the undertow model. Richards et al. (1988; Fig. 4) found that the residual geoid, lower mantle P-wave velocities, and hotspot density all show a dominantly degree-two spherical±harmonic pattern, and in each case this pattern agrees with the fourcell arrangement of lower-mantle¯ow inferred from the undertow model (Alvarez, 1982) . However, the association of this pattern with old subducted slabs (Richards and Engebretson, 1992) was not foreseen in the 1982 paper. Klein et al. (1988) discovered that MORBs with isotopic signatures characteristic of the Indian and Paci®c Oceans meet at a boundary in the middle of the Australia±Antarctic gap, exactly where the undertow hypothesis suggests that upper-mantlē ow from these two reservoirs should converge (Alvarez, 1990) , although this was explained in another way by Gurnis et al. (1998) . A global review of shear-wave anisotropy (Silver, 1996) found`[n]o evidence¼ for a continental asthenospheric decoupling zone, suggesting that continents are coupled to general mantle circulation'. The present paper has documented three more lines of unanticipated evidence ± shear-wave splitting, volcanic geochemistry, and timing of tectonism ± that support eastward¯ow Ross and Scotese (1988) , which quantify the reconstructions of Pindell and Barrett (1990) . The present position of arc rocks has resulted from bending back and tearing apart of the north and south ends of the arc as they were dragged past the bounding areas of continental crust. Positions of Florida at four times show that the motion of North America relative to South America has been much less than the transport of the Antilles arc through the Caribbean gap. Ages shown are model ages from Ross and Scotese (1988) ; the accuracy of the dates is 2±5 Myr, and the positions of the arc are estimates, not determinations. Measurements on this map indicate that the arc has had a velocity of 3±6 cm yr )1 relative to South America since 100 Ma. 
